Abstract: This qualitative systematic review summarizes existing evidence from randomized controlled trials (RCTs) comparing ultrasound (US) to alternative techniques for lower extremity peripheral nerve block. There were 11 RCTs of sufficient quality for inclusion. Jadad scores ranged from 1 to 4 with a median of 3. For femoral nerve blocks, US provided shorter onset and improved quality of sensory and motor block, as well as a decrease in local anesthetic requirements. For sciatic nerve blocks, US resulted in a higher percentage of patients with complete sensory and motor block, as well as decreased local anesthetic requirements. In 2 of the studies for sciatic nerve block, US resulted in a shorter time to successfully complete the procedure. No study was powered to detect a difference in surgical block success. Overall, there was significant heterogeneity in the definitions of successful sensory and motor block. In 2 studies, the optimal peripheral nerve stimulation technique may have not been used, resulting in a potential bias. No RCT reported US as inferior to alternative techniques in any outcome. There is level Ib evidence to make a grade A recommendation that US guidance provides improvements in onset and success of sensory block, a decrease in local anesthetic requirements, and decreased time to perform lower extremity peripheral nerve blocks.
evidence from randomized controlled trials (RCTs) comparing ultrasound (US) to alternative techniques for lower extremity peripheral nerve block. There were 11 RCTs of sufficient quality for inclusion. Jadad scores ranged from 1 to 4 with a median of 3. For femoral nerve blocks, US provided shorter onset and improved quality of sensory and motor block, as well as a decrease in local anesthetic requirements. For sciatic nerve blocks, US resulted in a higher percentage of patients with complete sensory and motor block, as well as decreased local anesthetic requirements. In 2 of the studies for sciatic nerve block, US resulted in a shorter time to successfully complete the procedure. No study was powered to detect a difference in surgical block success. Overall, there was significant heterogeneity in the definitions of successful sensory and motor block. In 2 studies, the optimal peripheral nerve stimulation technique may have not been used, resulting in a potential bias. No RCT reported US as inferior to alternative techniques in any outcome. There is level Ib evidence to make a grade A recommendation that US guidance provides improvements in onset and success of sensory block, a decrease in local anesthetic requirements, and decreased time to perform lower extremity peripheral nerve blocks. T his qualitative systematic review will summarize the existing evidence for the potential benefits of ultrasound (US) guidance compared with an alternative form of peripheral nerve localization for lower extremity peripheral nerve block. The alternative forms of peripheral nerve localization include peripheral nerve stimulation (PNS) or fascial plane localization using a double loss of resistance (LOR) for fascia iliaca compartment block. In addition, the evidence for the potential benefits of combined US guidance with PNS compared with PNS alone for lower extremity peripheral nerve block will be reviewed. [ The author assessed whether articles met the following predefined inclusion criteria: prospective data collection, randomization, and direct comparison of US with either PNS or LOR techniques for lower extremity peripheral nerve block in human adults. Studies comparing combined US guidance with PNS techniques to PNS techniques alone were also included to define the potential advantages and disadvantages of each technique. Studies on evidence for US guidance for pediatric regional anesthesia are addressed in a separate systematic review. For the purposes of this review, the primary outcomes of interest included block onset, block success, local anesthetic requirements, and block procedure time. There were no studies that defined Bblock success[ as the ability to provide surgical anesthesia as the primary outcome. Secondary outcomes of interest included block failures (defined as the inability to localize the target nerve within a prespecified duration of time, requiring crossover to the alternative technique), number of needle redirections or needle passes, and patient's comfort during the block procedure. A Jadad score was used to grade each randomized controlled trial (RCT) for study quality.
METHODS

RESULTS
3-in-1, Femoral Nerve, and Fascia Iliaca Blocks
There were 2 randomized controlled studies directly comparing US to PNS for the 3-in-1 block, 1,2 1 study comparing US with PNS for femoral nerve block, 3 and 1 study directly comparing US to LOR for the fascia iliaca block, 4 for a total of 240 patients (Table 1) . None of these studies directly compared US with PNS using the presence of a surgical block as the primary outcome. In the first study, Marhofer et al 1 compared US guidance with PNS after injection of 20 mL of bupivacaine 0.5% in both groups, and the primary outcome was onset of sensory block (defined as a subjective reduction in pinprick sensation in the sensory distribution of the femoral, lateral femoral cutaneous, and obturator nerve to 30% of baseline sensation, compared with the contralateral leg). There was no description of the end point for the PNS group in terms of an evoked motor response (EMR) or minimal current threshold. The block onset time was decreased by 11 mins in the US group (16 versus 27 mins) and had an improved quality of complete sensory block compared with PNS. In the second study by Marhofer et al, 2 the same methodology was used to perform the blocks and assess the block characteristics. In this study, an additional PNS group was added, characterized by an increase in the local anesthetic dose (from 20 to 30 mL of bupivacaine 0.5%). The primary hypothesis was that US could provide equivalent block onset and quality using a reduction in local anesthetic dose. In this study, the US group (20 mL of bupivacaine 0.5%) provided 13 to 14 mins of reduction in block onset compared with either PNS group (20 and 30 mL of bupivacaine 0.5%). The Jadad scores were low (1 and 2, respectively) for both of these studies and neither performed a power analysis.
Casati et al conducted a well-designed RCT comparing the efficacy of US guidance to potentially decrease the minimum effective anesthesia volume in 50% of patients (MEAV 50 ) for femoral nerve block compared with PNS in patients undergoing knee arthroscopy with a preexisting subgluteal sciatic nerve block. Using 12 mL as the starting volume for a femoral nerve block and the up-and-down methodology, 4 it was demonstrated that US resulted in a 42% reduction in the MEAV 50 of ropivacaine 0.5% (15 T 4 versus 26 T 4 mL) compared with PNS. In this study, the PNS technique end point was a single EMR of quadriceps contraction at an accepted current threshold less than 0.4 mA, followed by injection of the entire volume of local anesthetic. In contrast, US guidance was described as a Bmoving needle technique,[ where the needle tip position was adjusted in real time to obtain circumferential spread of the designated local anesthetic volume around the femoral nerve. In an earlier RCT using the same up-and-down study design, 5 this same group was able to demonstrate a significant reduction in the MEAV 50 for a femoral nerve block with ropivacaine 0.5% using a multiple-injection (14 mL, 95% confidence interval [CI], 12Y16 mL) versus a single-injection (23 mL; 95% CI, 20Y26 mL) PNS technique.
Dolan et al 6 compared US guidance with double LOR for fascia iliaca block intended for postoperative analgesia in patients undergoing hip or knee arthroplasty in which both groups received 30-mL equal volumes of bupivacaine 0.5% + lidocaine 2%. The power analysis was based on the primary hypothesis that US would increase the success of sensory block in the medial thigh from 40% to 70%, 30 mins after completion of local anesthetic injection. Block success was defined as decreased or complete loss of sensation to cold (ice) in the respective sensory distributions. In addition, motor block as a secondary outcome was defined as the inability to extend the blocked leg at the knee with the hip passively flexed. Ultrasound-guided fascia iliaca block resulted in a significant increase in block success at the medial thigh (95% versus 60%) compared with LOR. Ultrasound also improved secondary outcomes of increased percentage of patients with a Bcomplete 3-in-1 block[ (82% versus 47%) and femoral nerve motor block (90% versus 63%) compared with LOR. No studies reported any long-term complications of peripheral nerve injury, infections, or systemic toxicity.
Sciatic Nerve Block
There were 3 studies 7Y9 directly comparing US to PNS for popliteal sciatic nerve block, 1 study directly comparing US to PNS for subgluteal sciatic nerve block, 10 and 1 study 12 directly comparing US with PNS (with a stimulating catheter technique) for popliteal sciatic perineural catheter placement for a total of 214 patients ( Table 2) . None of these studies directly compared US with PNS using surgical block as the primary outcome. All 5 studies were of good quality with Jadad scores of either 3 or 4 and appropriate power analyses.
The primary outcome in the study by Perlas et al 7 was powered to detect an increase in sensory block success from 70% to 95% with the use of US compared with PNS, beginning 30 mins after completion of local anesthetic injection. Sensory block success was rigorously defined as complete loss of pinprick sensation in both the tibial nerve (TN) and common peroneal nerve (CPN) sensory distributions of the sciatic nerve. Ultrasound resulted in significantly higher block success (89.2% versus 60.6%) compared with PNS. Secondary outcome improvements with US included a more rapid onset of complete sensory and motor block of the TN and CPN during a 60-min data collection period but no difference in the surgical block success (92% for US versus 75% for PNS) or time to complete the block procedure (8.1 versus 8.3 mins). A criticism of this study was the potential for bias against the PNS technique. Ultrasound guidance was again described as a Bmoving needle technique[ in contrast to PNS with a fixed needle position after obtaining a minimum current threshold of 0.5 mA or less, with a potential bias against PNS of accepting any 1 of 4 EMR (dorsiflexion or eversion indicating CPN stimulation, plantar flexion indicating TN stimulation, and inversion indicating simultaneous stimulation of both branches). It has been demonstrated that inversion may be the optimal single EMR to maximize the onset and success of sciatic nerve block. 15, 16 The study by van Geffen et al 8 was powered to detect a minimum 10-mL reduction in the volume of lidocaine 1.5% with epinephrine 5 Kg/mL to block the sciatic nerve. In contrast to the more rigorous up-and-down study design, the US group was designed to administer the minimum local anesthetic volume to obtain a circumferential spread around the sciatic nerve. Conversely, the PNS group was allowed to administer a Bminimum of 25 mL and a maximum of 40 mL[ after obtaining the appropriate EMR based on Bclinical experience needed to obtain a successful PNS-guided sciatic nerve block,[ potentially biasing against this technique. Ultrasound guidance resulted in a significantly lower local anesthetic volume (17 T 5 versus 37 T 5 mL) compared with PNS, with no difference in the percentage of patients with successful surgical block, time to perform the block, onset, or duration of sensorimotor block. Of note, 2 patients in the PNS group were excluded from analysis owing to the failure to elicit an appropriate EMR within 15 mins.
The study by Danelli et al 9 attempted to minimize the potential bias against single-injection sciatic nerve block PNS technique by comparing US guidance (with 20 mL of ropivacaine 0.75%) to a double-injection (with 10 mL each at the TN and CPN) PNS technique for popliteal sciatic nerve block. The study was powered to detect a minimum 5-min difference in the onset of sensory and motor block in both sciatic nerve branches. Block success was defined as complete loss of sensation to pinprick and complete absence of movement in both the TN and CPN distributions. Although there was a significantly faster onset of sensory block in the CPN with US compared with PNS (12.2 T 4.8 versus 17.9 T 8.5 min), onset of sensory block in the TN and onset of motor block in both branches was not significantly different between techniques. There was no significant difference in the percentage of complete sensory or motor blocks or surgical block success. Ultrasound guidance did result in decreased block procedure time (2 versus 5 mins), fewer skin punctures and needle redirections, and less subjective discomfort during the block compared with PNS.
Danelli et al 10 conducted a well-designed RCT comparing the efficacy of US guidance to potentially decrease the minimum effective anesthesia volume in 50% of patients (MEAV 50 ) for subgluteal sciatic nerve block compared with PNS in patients undergoing knee arthroscopy with a preexisting US-guided femoral nerve block. Effective sciatic nerve block was defined as a complete loss of sharp sensation using pinprick testing in both the TN and CPN distributions and the complete inability to move the foot. Using 12 mL as the starting volume for subgluteal sciatic nerve block 11 and the up-and-down methodology, 4 it was demonstrated that US (12 mL; 95% CI, 10Y13 mL) resulted in a 37% reduction in the MEAV 50 of mepivacaine 1.5% compared with PNS (19 mL; 95% CI, 15Y23 mL). In this study, the PNS technique end point was a single TN-mediated EMR (plantar flexion of the foot or toes or inversion of the foot) at a current threshold higher than 0.2 mA but less than 0.4 mA followed by injection of the entire volume of local anesthetic. In contrast, US guidance was described as a Bmoving needle technique,[ where the needle tip positioned was adjusted in real time to obtain circumferential spread of the designated local anesthetic volume around the sciatic nerve. In the only investigation directly comparing US with PNS for continuous perineural catheter placement, Mariano et al 12 powered their study to detect a 5-min difference in successful popliteal sciatic catheter placement (allowing a maximum of 30 mins before crossing over to the other technique). Time for catheter placement began when the US probe (US group) or catheter placement stimulating needle (PNS group) first touched the patient and ended when the catheter placement needles were removed after catheter placement. Ultrasound resulted in significantly less time to successfully place the sciatic catheter (median, 5 versus 10 min) compared with PNS with a stimulating catheter technique. All 20 catheters were successfully placed with US guidance. In contrast, 4 of 20 catheters could not be placed with PNS (3 owing to the inability to obtain an appropriate EMR via the stimulating needle [within 15 mins] and 1 via the stimulating catheter [within 30 mins]). These patients subsequently underwent successful catheter placement with US guidance. There was less subjective pain associated with US-guided catheter placement. There was no difference in the quality of postoperative analgesia in all patients with successful catheter placement, regardless of technique. No studies reported any longterm complications of peripheral nerve injury, infections, or systemic toxicity.
Combined US Guidance and PNS
Combined US guidance and PNS stimulation techniques may provide the theoretical advantage of providing both anatomic and neurophysiologic end points. There have been 2 studies designed to evaluate the potential advantage US guidance in combination with PNS to localize the sciatic nerve via a lateral midfemoral approach 13 and posterior popliteal approach 14 for a total of 112 patients. Neither of these 2 studies evaluated surgical block success as the primary outcome. Both studies were of good quality with Jadad scores of 3 and appropriate power analyses.
The primary outcome in the study by Domingo-Triado et al 13 was powered to detect a 25% difference in the number of attempts (defined as the number of needle passes before successfully evoking an adequate EMR at 0.5 mA) to perform the technique between the combined US-PNS group and the PNS-alone group. In the combined US-PNS technique, the needle was advanced until it was within 1 to 2 mm of the sciatic nerve and then the PNS was turned on. Once an adequate sciatic nerve EMR at 0.5 mA was obtained, the needle tip was not adjusted and the entire local anesthetic volume (35 mL of ropivacaine 0.5%) was injected on one side of the sciatic nerve with US visualization to assess its perineural distribution. The PNS-alone technique was similar except for lack of US guidance and lack of assessment of local anesthetic distribution.
Combined US-PNS (1; range, 1Y2) resulted in significantly fewer median numbers of needle attempts compared with PNS alone (2; range, 1Y4), although there was no significant difference in the median time from initial needle insertion to successful sciatic nerve localization or reported patient discomfort during the block. The frequency of patients with complete sciatic nerve sensory block to pinprick (96.7% versus 71%) and tolerance to a pneumatic tourniquet above the ankle (93.3% versus 48.4%) was significantly higher with combined US-PNS compared with PNS alone. There was no difference in the onset of sensorimotor block or duration of postoperative analgesia between the 2 techniques.
The primary outcome in the study by Dufour et al 14 posterior popliteal sciatic nerve block with double injection (of both the TN and CPN) between combined US-PNS compared with PNS alone. Block time was defined as the interval between initial needle insertion and its removal at the end of local anesthetic injection. In the PNS-alone group, the needle tip was adjusted until either a TN or CPN EMR was obtained at minimal current threshold of 0.5 mA or less followed by injection of 10 mL of levobupivacaine 0.5%. The needle tip was then repositioned to obtain the appropriate second EMR at a current threshold of 0.5 mA followed by injection of 10 mL of levobupivacaine 0.5%. In the combined US-PNS group, the needle tip was advanced outof-plane toward both the TN and CPN, with subsequent adjustment of the current output from the PNS down to 0.5 mA or less. If the needle tip appeared to be in contact with either the TN or the CPN and current out was more than 0.5 mA, the needle was not further repositioned. For each 10-mL injection of levobupivacaine 0.5%, the spread of local anesthetic was simply observed, but the needle tip was not repositioned in an attempt to improve distribution around the nerve. A maximum of 420 secs was allowed to locate both components of the sciatic nerve and perform the 2 injections in both groups. Block success was defined as the complete loss of cold sensation to ice in both the TN and CPN distributions and total immobility of the foot 30 mins after completion of the block.
There was no difference in the time to complete the block procedure between combined US-PNS (304 T 94 secs) and the PNS-alone (261 T 75 secs) groups. Of 30 patients in the PNSalone group, 5 were excluded because the procedure time exceeded 420 secs. Of 30 patients in the combined US-PNS group, 3 were excluded because the CPN could not be visualized within 420 secs. Thus, the final sample size fell short of the a priori power analysis, raising the possibility of a type 2 error for the primary outcome of interest. At 30 mins, the percentage of patients with a successful block was significantly higher in the combined US-PNS group (65% versus 16%) compared with the PNS-alone group. There was no difference in the duration of postoperative analgesia or the patient satisfaction with the block technique.
DISCUSSION
Overall, the available data from RCTs comparing US guidance to PNS are limited with significant heterogeneity in the methodology (local anesthetic, comparative techniques to US, and definition of block success) and primary study outcomes. In contrast to brachial plexus blockade where a single injection (or least a single anatomic location) can effectively produce surgical anesthesia, blocks of the lumbar plexus (the femoral nerve in particular) or sacral plexus (sciatic nerve) rarely have the ability to provide surgical anesthesia without blockade of the other nerve. Thus, surgical anesthesia as a primary outcome is difficult to study when comparing US to PNS, especially with the simplicity and efficacy of neuraxial techniques for major lower extremity surgical procedures. This is reflected in the heterogeneity of the definitions of block success, block onset, and subsequent choice of primary outcomes for lower extremity RCTs.
Another conflicting factor is the inherent difference in the basic technique of US compared with PNS (or even LOR). By definition, US provides the inherent advantage of real-time assessment of nerves, perineural structures, the advancing needle, and, most importantly, the relationship of local anesthetic spread around the target neural structures. It is possible with US guidance to Bmove the needle tip[ in real time to obtain circumferential distribution around the target nerves, which may explain the observed advantages in block onset, block quality, reduction in local anesthetic requirements, and block procedure time. In contrast, the majority of PNS techniques rely on eliciting a specific EMR at a defined minimum current threshold as a surrogate of needle tip to nerve proximity. This premise has several inherent limitations: First, although RCTs 5, 17 have demonstrated that eliciting multiple EMRs decreases block onset and increases block quality and block success, they are Second, there is growing evidence of the lack of correlation with the current threshold and needle-tip to-nerve distance, even to the point of lack of sensitivity of detecting needle tip-to-nerve contact 7 or intraneural needle location. 18 Thus, the lack of sensitivity of PNS may lead to unnecessary attempts at needle redirection potentially leading not only to increased block performance time but also to the potential for increased patient discomfort, nerve injury, and vascular trauma.
In addition, the RCTs are often performed in academic medical centers with substantial expertise in both PNS and US. Thus, with the high success rate inherent with PNS, it may be difficult to demonstrate significant improvements with a new technology, especially in the developmental and evolving stages of US guidance for peripheral nerve blocks. Conversely, the high success rates with US reported in these clinical trials might not be generalizable to daily clinical practices that lack experience or expertise. However, US may potentially benefit the daily clinical practice where success with PNS techniques may be lower than what is demonstrated in these RCTs. Another potential benefit of US is to increase our awareness and hopefully understanding of the inconsistency of the EMR and current threshold associated by performing combined US-PNSYguided techniques.
Although the technique of combined US-PNS resulted in fewer needle passes compared with PNS alone in 1 study, 13 there was no difference in the time to complete the block or patient perception of block discomfort between groups in either study. 13, 14 The combined use of US-PNS may allow for more efficient needle tip-to-nerve placement compared with the conventional techniques of surface anatomic landmarks with PNS alone. The use of PNS to confirm the identity of a target nerve (or a specific part of a nerve bundle or plexus) in question when using US may provide potential advantages. However, the combined use PNS-US may only add to the complexity of peripheral nerve blocks, especially when the target nerve structures are clearly visualized. In addition, the growing evidence of the lack of correlation between needle tip-to-nerve proximity and current output to obtain an EMR with PNS brings into question the practice of attempting to obtain a Bminimum current threshold[ with a combined US-PNS technique. 18 In contrast, the ability to elicit a familiar EMR may provide reassurance to the novice user of US or may confirm the location of target nerves in question when the appearance of the US anatomy may be difficult owing to the lack of acoustic impedance mismatch or acoustic attenuation with deeper structures. Thus, a more useful application may be to use PNS as a qualitative tool (Byes or no[) at higher current outputs in conjunction with US.
There is clearly a need to better define what the most important primary outcomes should be in future RCTs to increase the homogeneity of future systematic reviews and meta-analysis. There is currently lack of evidence to demonstrate that US guidance increases block success, specifically defined as the ability to provide surgical depth of anesthesia. Furthermore, there needs to be increased standardization in the design of future RCTs regarding the clinically relevant definitions of block success, especially when a surgical anesthetic is not the primary outcome. Future comparative studies should also identify and directly compare Boptimal techniques[ for US (moving needle technique with circumferential distribution) and PNS (single versus multiple EMR and optimal EMR) to provide a more objective basis for advantages and disadvantages of the 2 techniques. Future RCTs should also include the potential benefits of US guidance for lower extremity peripheral nerve block at other anatomic locations such as the lateral femoral cutaneous nerve, obturator nerve, saphenous nerve, and especially at more proximal (and potentially deeper) locations of the lumbar plexus (psoas compartment) and sciatic nerve (gluteal levels) where the increased tissue depth may not consistently provide adequate images of target nerves. Lastly, there is a need to further investigate the potential advantages of US guidance in placement of continuous lower extremity peripheral nerve catheters.
In conclusion, there is level Ib evidence to make a grade A recommendation that US guidance provides improvements in the onset and success of sensory block, a decrease in local anesthetic requirements, and decreased time to perform the lower extremity peripheral nerve blocks ( Table 3 ). The increased quality of sensory block may not be clinically relevant unless it results in an increased percentage of patients with a block of sufficient depth to provide surgical anesthesia or improved and/ or prolonged duration of postoperative analgesia. Future studies investigating the possible advantages of faster onset of sensory and motor block or decreased performance time with US guidance must also define Btotal anesthesia time[ (such as turning on and positioning the US machine and sterile preparation of the US transducer probe versus palpation and marking of external anatomic landmarks with PNS before needle placement). Although several of the studies demonstrated a significant decrease in local anesthetic requirements with US compared with PNS, 2, 5, 8, 10 it will require significantly larger studies to demonstrate if this will result in clinically relevant reductions in the incidence of systemic local anesthetic toxicity.
